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Abstract 

We study the nonaquark states £'''(3115) and S'"'"(3140) which are reported by KEK-PS 
(Phys.Lett. B597 (2004) 236; |nucl-ex/0310018D by means of the quark model with diquark correla- 



tion. The nonaquark states form 1, 8, 10, 10, 27, 35 SU (3) multiplets. The flavor wave functions of 
all the nonaquark states are constructed through the standard tensor technique. The mass spectrum 
is studied by using Gell-Mann-Okubo mass formula. Some nonaquark mass sum rules are obtained. 
We further investigate the decay of £''^(3115) and 5'''"(3140) under the assumption of "fall-apart" 
mechanism. It has been found that the main decay mode is T,NN rather than ANN which is consis- 
tent with experiment. Also we have uniquely determine the flavor wave function of «S'*^(3115) which 
belong to 27-plet with the quantum number Y = 2,1 = l,Iz = —1- Whereas the exotic states 
5+ (3140) can belong to either 27-plet or 35-plet. In the exact SUiSy^"""^ x SU{3)'^^°'' x 5'C/(2)^p*" 
limit, both 5''^(3115) and 5'~'^(3140) belong to 27-plet with negative parity. We predict that its fla- 
vor structure can be determined by measuring the branch fractions of its decay channels. The 
experiments to check this prediction are expected. 
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I. INTRODUCTION 



There is growing interest in exotic hadrons, which may open new windows for understanding 
the hadronic structures and QCD at low energies. Recently, the KEK-PS reported an 
tribaryon state ^°(3115)|l| in the reaction 

K- +^ He^ S° +p (1) 

The mass of the state is 3117lt4;4MeV , the decay width F^o < 21 MeV, and the main decay 
mode is T,NN rather than ANN. The peak in the proton spectrum is over the background 
with a significance level 13a. A strange tribaryon S'"'"(3140) of charge +1 was also reported 
in the reaction K~ +^ He ^ + n 2l- The mass and decay width of this exotic state are 
Ms+ = 3141 ± 3{stat.)tf{sys.) MeV and Ts+ < 23 MeV , which is about 25 MeV higher 
than S'"'"(3115), and its significance is 3.7a. It also dominantly decay into T,NN rather than 
ANN. 

The S'°(3115) was first predicted by Akaishi and Yamazaki ClS db deeply-bound kaonic 
state. Since the discovery of 5''^(3115) and S'"'"(3140), there has been some theoretical discus- 

nnn n 

sion j^|5|,|6||, in Ref these exotic states are mainly analysized from MIT bag model, and 
they are identified as kaonic bound state in Ref 0, [y]. Since the quark dynamics could be 



regarded as a cornerstone for hadron physics, it is interesting to investigate the nonaquark 
states by means of the quark models. Vario us q uark models have been used and proposed in 
studying the pentaquark baryon state [3, 0, Il3l |. Here we draw the spirit of Jaffe- Wilczek's 
workQ], since there are evidences for strong diquark correlation in the baryon spectrum 
0], and, especially, in the light nonet-scalar (J^*^ = 0"'""'") meson spectrum. Their masses 
are generally below 1000 MeV (/o(600), /o(980), ao(980), k(800)), and they do not favor the 
predictions of the qq-models, but favor the diquark-antidiquark's quite well. Diquark is a 
boson with color 3c, flavor 3f, and spin zero. Diquark correlation is also the basis of color 



superconductivity in dense quark matter which has not being observed experimental 



22| and by instanton interactions 



his 
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configuration is favored by one gluon exchange 
It may play important role in the exotic hadron physics. In this paper we try to investigate 
nonaquark baryons by means of diquarks model, and to learn what happens in the non- 
aquark case due to the strong diquark correlation. Meanwhile in order to understand the 
decay of nonaquark states, we suggest a decay mechanism which can qualitatively explain 
the experiments and give us new predictions. This decay mechanism is quite intuitive. To 



understand the structure of nonaquark, its mass spectrum and the decay mechanism are the 
main aims of this paper. 

The paper is organized as follows, in the section II we study the direct products of two 
diquarks states, four diquarks states , and of four diquarks's plus one quark's. The irreducible 
tensors of the allowed nonaquark states are derived. The flavor wave functions are given by 
identifying the SU{3) tensors with the physical tribaryon states. In Section III, the mass 
spectrum is derived by using the Gell-Mann-Okubo mass formula. The Section IV devotes 
to study the decays of ^^(SllS) and S'"^(3140) under the assumption that the decays caused 
by a "fall-apart" mechanism. We find when S'°(3115) only belongs to a certain 27-plet, its 
main decay mode is T,NN rather than ANN, and S'"*"(3140) can belongs to either 27-plet 
or 35-plet. In Section V, we briefly summary the results and give some discussions. 

II. THE FLAVOR WAVE FUNCTION OF NONAQUARK STATES 



Since the diquark is in the 3f, it has three configurations in flavor space, which are shown 
in Figl. We denote them as 
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FIG. 1: 3 diquark . 
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FIG. 2: direct product of two diquarks 3 3 = 6 + 3 . 



where u, d, s are respectively up quark,down quark and strange quark. It is obvious that 
there are following correspondences: ^ u, ^ d, ^ s. 

The tensors T^'flU;!" which are the bases for irreducible representations of SU{3) are 
totally symmetric to both all q upper indices and all p low indices, and also are traceless, 

rpjl,j2,---jq _ rpj2,jl,---jq _ rpjl,j2,---jq 

ii,i2---ip ii,i2---ip i2,il'"ip 

t:^:1:::Z' = o. (3) 

Since 5*, e^-'^^and e^k are tensors, we can use them to raise, low or contract indices when 
we construct new tensors that are bases of irreducible representation from the direct product 
tensor. The direct product of two diquarks is 

QiQj = _L^^i + ^e'^'n, (4) 

with S'^ = j^iQ'Q' + Q'Q'), A'^ = j^iQ'Q' - Q^Q'), and Tk = e,,kA'K So the decom- 
position of the direct product of two diquarks is3C?)3 = 6©3, which is shown in Fig2. in 
the Young tabular. 

Since the two diquarks can be decomposed into 6 plus 3, the direct product of four 
diquarks raises 6® 6, 6® 3, 3®6 and 3® 3. And the corresponding Young tabular is shown 
in Fig3. It is straightforward that 
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FIG. 3: The direct product of four diquarks: (I) 6 ® 6 = 15i + 152 + 6; (II) 6 3 = 152 + 3; 
(111)3® 3 = 603. 



where the tensors in the above formula are defined as foUowings. 

T = h'^\Tjn-nT^) (6) 

Q' = ^s^% (7) 

Q' = -^T,S^' (8) 

S^, = ^{T,T,+T,T,) (9) 

5f = + 5'=" 5^") (11) 
v2 

ft = T.S^" - ^{6{6'^ + S^Si^)Q^ (12) 

Tt = S^'T, - -^{Si6t + 5^5l)Q- (13) 



So the four diquarks product can be decomposed into 15i © 152(3) © 3(3) © 6, where the 
numbers in the parentheses denote the degeneracy in each multiplet. The tensors corre- 
sponding to 3 are T\Q\Q\ the tensor Sij form the bases of the irreducible representation 
6, the tensor corresponding to 15i is T*-'™", and the tensors Sf'' ,ft are respectively 
the bases of the irreducible representation 152- 
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FIG. 4: direct product of four diquarks and a quark (I) 15i®3 = 35+10; (II) 152(2)3 = 27+10+8; 
(III) 6 ® 3 = 10 © 8; (IV)3 3 = 8 © 1. 



A. Nonaquark states 

Since quark is in the fundamental representation 3, when the four diquarks form the irre- 
ducible representation 3, the nonaquark state must be in the representation 3 ® 3 = 8 + 1. 
This means the nonaquark state can either in the octet or in the singlet. We use T* to stand 
for T\Q\Q\ then the tensor product T'g„ can be decomposed as follows 

r^q^ = V2{P^ + ^6i,S), (14) 

where S = -^T^qm, Pn = 75 ~ \/f'^ri'^)- stand for the nonaquark octet, and that 
S stands for the nonaquark singlet. 

When the four diquarks are in the representation 6 (g) 6 (= 15i©152®6 (see Fig. 
3)), they can form the irreducible representative of 6. Since 6 ® 3 = 10 © 8, the nonaquark 
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states can be in decuplet or octet. 

with Tijk = -^[Sijqn + SinQj + Sjnqi], Pi = ■^e^^'^Siaqh and Tijk, Pi respectively correspond 
to the nonaquark decuplet and octet. 

Again, for the four-diquarks states in 6 6, they can also form 15i. The direct product 
15i ® 3 can be reduced as follows 

r^^'q^, = Tii^ + ^{5\5i5% + 5i5l5% + S^SlSiS^ + 5^51515',) D"^' (16) 

where T^^'^' = T^^^^'g^ - -^{d^D^''^ + 5iD'^^ + d^D'^^), D'^^ = ^T^^^^^gn, T^^''^ and D'^^ 
respectively mean that the nonaquark state belong to 35— plet and 10-plet. 

Finally, we consider the case of that the four-diquarks states form 152. The 152— four- 
diquarks states have three irreducible representatives: they can be in the product of 6 ® 
3, 3 ® 6, or 6 ® 6. The corresponding tensors are Si^ ,Ti^ or T/'^ respectively. Using T-'^ 
to denote each one of them, then we have 

V'qn = V^Tf + ^S.nmD-^' + -;^&m + 5'ji)Pr ' + ^nM)Pn . (17) 



where 
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T^J^ represent the nonaquark 35-plet, and D'-^^, Pj correspond to nonaquark 10-plet and 
octet. The Young tabular of the tensor decomposit ion are shown in Fig4. 

Now we take the color symmetry SU{?>Y°^°'^ into the account. When the SU {?>)^''°''"°^ x 
SU{'iY°^°'^ X 5't/(2)*P*'^ serves as an exact symmetry, then due to the boson statistics the full 
combined [flavor x color x spin x space) wave-functions of four diquarks states must be 
symmetric. Since the spin of the diquark is zero, the s]9m- wave-function is trivially to be 
symmetric. Thus, the [space x flavor x color) wave function must be symmetric. Under 
this constraint, only two choices are available: 
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1) The s;?ace-wave-functions are symmetric: In this case, the relative angular momentum 
£ is even and starts from i = 0, and then the [flavor x color) wave-functions are symmetric. 
They must therefore belong to the 495 dimensional irreducible representation of SU(9)d 
SU(3)-^'''™^x SU(3)^'''°^ The reduction of the SU(9) irreducible representation 495 with 
respect to SU(3)^'"''°^x SU(3)^°''"' Q is 

495 = (T5i, T5i) + (TSz, ISa) + (3, 3) + (6, 6). (19) 

We can see only the four diquarks's states {flavor, color) = (3, 3) can combine with the 
ninth quark with [flavor, color) = (3, 3) to form a color singlet. Because 3 ® 3 = 8 © 1, 
there may exist nonaquark nonet with positive parity. But the states 5*° (31 15) and S''^(3140) 
can not belong to this nonet, because the hypercharge of these two states is F = 2 , while 
the maximum of hypercharge of the nonet is 1 . 

2) The s])ace-wave-functions are antisymmetric: This means that the relative angular 
momentum i is odd and starts from i = 1, and then the [flavor x color) wave-functions are 
antisymmetric. And they must belong to the 126 dimensional irreducible representation of 
SU(9)d SU(3)^'""°^x SU(3)™'°^ The reduction of the SU(9) irreducible representation 126 
with respect to SU(3)^'""°^x SU(3)^°'°'" is 

126 = (6, 6) + (T52, 3) + (3, TSa) (20) 

So only when the four diquarks in the state [flavor, color) = (152,3), they can combine 
with the ninth quark to form a color singlet hadron. Because 152 ® 3 = 27 © 10 © 8, the 
nonaquark can only in flavor multiplet 27-plet, 10-plet, 8-plet, and the nonaquark state 
can not be flavor 35-plet. This is a rigorous result when the flavor symmetry is exactly. 
Considering, however, that SU[3)-^''"''"°^ is an approximative symmetry which will lead to 
^f/(3)//a«or ^ 5f/(3)co«or- ^ SU[2)'P''' to be approximate, so we can not completely rule out 
35-plet. 

From the quantum number of 5"° (3 11 5) and S'"'~(3140), they possibly belong to the 27- 
plet or 35-plet. In the exact SU[3)f^''''°'' x 5f/(3)^°'°'' x Sf/(2)^P*" limit, both 5°(3115) and 
S'"^(3140) belong to 27-plet whose lowest angular momentum is £ = 1 (they are P-wave 
states), and the corresponding weight diagram is Fig6. The Fig7 is the weight diagram for 
35-plet. In the Figures, we show the names of these exotic states, with the subscripts that 
are the representation-dimensions and the isospin of the particle. Their superscript is the 
charge of the state. 
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In tensor representations, the number of lower indices of T-^^]"'fj is p and that of upper 
indices is q. Now we suppose that among its lower indices the numbers of 1, 2, and 3 are 
Pi, p2, and ps, respectively, and that among upper indices it has gi 1, q2 2, and qs 3. Then 
we have pi + P2 + Ps = P and qi + q2 + qs = q- The irreducible tensor is an eigenstate of 
hypercharge Y and the third component of isospin J3 with the eigenvalues Q, Q| 

y = Pi- (I1+P2- q2- -{p- q) 

h = ^{Pi - qi) - \{P2 - ^2). (21) 

The charge of the particle is obtained from the Gell-Mann-Nishijima formula, Q = + 
By this way, we can match the SU(3) tensors to the physical baryon states. 

B. The wavefunction of Nonaquark 27-plet 

It is straightforward to write out the wave functions of nonaquark 27-plets in the flavor 
space by means of the irreducible representation tensors. The 5*27^1 and S'27 1 read 

St,,, = ^Tll = \{Tl\2 + Ti%) (22) 

^27, 1 = lj^22 = ^^■^^^'^2, (23) 

where T^^' stands for the tensors of four-diquarks states. We now provide the explicit ex- 
pressions of 827^1 and S'27 1 each irreducible representatives of 152 in order: 

1. The case of 152 C 6 6: In this case T/'' is Sj^ which has been defined in Eq. fllip . 

So, 

Sf^ = — ^([m, d] [s, u] [u, d][u, d] + [s, u] [u, d][u, d] [u, d] — [u, d][u, d] [u, d][s, u] 
2v 2 

-[u,d][u,d][s,u][u,d]), (24) 

5*1^ = — ^ ( [m, d] [u, d] [u, d] [d, s] + [u, d] [u, d] [d, s] [u,d] — [u, d] [d, s] [u, d] [u, d] 
2v 2 

— [c?, c?]), (25) 

the wave function of >S'2'7^ 1 and 6*27^ 1 are 
3^7^,1 = \{Srq2 + Sl\) 



{[u, d\[s, u][u, d][u, d\d+ [s, u][u, d\[u, d][u, d]d— [u, d][u, d][u, d][s, u]d 



8^2 

— [u, d\ [u, d] [s, u] [u, d]d + [u, d] [u, d] [u, d] [d, s]u + [u, d] [u, d] [d, s] [u, d]u 

— [u,d][d,s][u,d][u,d]u— [d, s][u,d][u,d][u,d]u); (26) 

qO _ ^ c33„ 

''''' ~ 2V2 ' 

= -{[u, d] [u, d] [u, d] [d, s]d + [u, d][u, d] [d, s][u, d]d — [u, d] [d, s][u, d] [u, d]d 
8 

— [(i, (27) 

2. The case of 152 C 3 ® 6: The T/'' is T/^' which is defined in Eq.^, and 

Tf = TiS^^ = ^{[s,u][u,d][u,d][u,d] - [u,d][s,u][u,d][u,d]) (28) 

f f = T2S^^ = ^{[u, d] [d, s] [u, d] [u, d] - [d, s] [u, d] [u, d] [u,d\) (29) 
then, the wave functions of >S'2^2,i "^272 1 

= -([s, u] [u, d] [u, d] [u, d]d— [u, d] [s, u] [u, d][u, d]d+ [u, d][d, s] [u, d][u, d]u 
8 

— [(i, s][n, (i]n); (30) 
^272,1 = ^^-^2*^ ^2 = ■^^{[u,d][d,s][u,d][u,d]d- [d, s][u,d][u,d][u,d]d). (31) 

3. The case of 152 C 6(8>3: In this case T/'' is the tensor T/'^ defined in Eq. p3|l . obviously 

Tf = S^^Ti = ^{[u,d][u,d][s,u][u,d] - [u,d][u,d][u,d][s,u]) (32) 

Tf = S^^T2 = ^{[u,d] [u, d] [u, d] [d, s]-[u, d] [u, d] [d, s] [u,d]) (33) 
The wave functions of the two states are 

^2^3,1 = J(^f?2 + Tfg0 

= -{[u, d] [u, d] [s, u] [u, d]d— [u, d] [u, d][u, d] [s, u]d+ [u, d][u, d] [u, d][d, s]u 
8 

— [n, (i]n) (34) 

qO _ ^ rp33 

^273,1 - q, 

= — ^([m, — [m, (i](i). (35) 

4v 2 
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C. The wave function of Nonaquark 35-plet 



Since 35 can not be completely excluded (see the subsection II. A) , we should also discuss 
it's wavefunction for completeness. It is easy to identify 



il333 



2333 



then 



co 

•^35,1 



1 T^1333 



C+ _ _!_/' 7^2333 _ mi 
^35,1 ~ 2^3 '^^2 ^1 

q+ _ 1 7^3333 
•^35 ~ 272^3 



1333^1 



and T^i^'- is defined in Eq.flTBj). It is easy to see 

1 



T 



1333 



3 
3 

We 



13 c33 I ^33 ^13 



( [d, s] [u, d] [u, d] [u, d] + [u, d] [d, s] [u, d] [u, d] 



[u, d] [u, d] [d, s] [u, d] + [u, d] [u, d] [u, d] [d, s]) 



(36) 



(37) 



(38) 



12333 



y/6 



23 c33 I ^33 ^23 



AV6 



{[s, u] [u, d] [u, d] [u, d] + [u, d] [s, u] [u, d] [u, d] 



+ [u, d][u, d] [s, u] [u, d] + [u, d][u, d] [u, d][s, u]) 

T3333 = 76^33^33 ^ }^ ^] ^] ^] ^] 

and the wave function of ^, ^, are as followings 

qO _ 
•^35,1 - 

= — - ( [(i, s] [m, d] [u, d] [u,d] + [u, d] [d, s] [u, d] [m, d] 
8 

+ [u, d][u, d][d, s][u, d] + [u, d][u, d][u, d][d, s])d 



1 Tnl333 1 Tnl333^ 



(39) 
(40) 



(41) 



5-+ = -^(Tf 33 - Til333) ^ ^(_3il333 ^ 3.2333 ) 

35'^ 2^3 2^3 

11 



8v^ 



■[d, s][u, d][u, d][u, d]u — [u, d][d, s][u, d][u, d]u — [u, d][u, d][d, s][u, d]u 



[u, d] [u, d] [m, d] [d, s]u + [s, u] [u, d] [u, d] [u, d]d+ [u, d] [s, u] [u, d] [u, d]d 

[u, d] [u, d] [s, u] [u, d]d+ [u, d] [u, d] [u, d] [s, u]d) (42) 



2V2 
1 



m3333 
-'3 



(^_22-i333g^ _ 2T^^^^g2 + T^^^^gg) 



2333^ I Tn3333, 



6V2 



8^3 



{[d, s] [u, d] [u, d] [u, d]u + [u, d] [d, s] [u, d] [u, d]u + [u, d] [u, d] [d, s] [u, d]u 



+ [u, d] [u, d] [u, d] [d, s]u+ [s, u] [u, d] [u, d] [u, d] + [u, d] [s, u] [u, d] [u, d] 

+ [u, d] [u, d][s, u][u, d] + [u, d] [u, d][u, d] [s, u] — 2[u, d] [u, d][u, d] [u, d]s) (43) 



III. THE MASS SPECTRUM OF NONAQUARK STATES 



Since all the particles belonging to an irreducible representation of SU{3) are degenerate 
in SU{3) symmetry limit, it is necessary to introduce the SU{3) symmetry breaking terms 
into the Hamiltonian in order to obtain the mass splitting. The Hamiltonian that breaks 
SU (3) symmetry but still preserves the isospin symmetry and hypercharge is proportional 
to the Gell-Mann matrix As, and the baryon mass can be obtained by constructing SU{3) 
singlet term including the hypercharge tensor, in this way we obtain the Gell-Mann-Okubo 
mass formula: 

M = Mo + aY + (3Dl (44) 

where Mq is a common mass of a given multiplet and = I{I + 1) — ^ — ^ with 
C = 2{p + g) + |(p^ + pg + g^) for the (p,q) representation, a and /? are mass constant 
that are in principle different for different multiplets. Using these constants, we can obtain 
the masses of all the baryons within the multiplet. Note that in this picture the isospin is 
conserved. 



A. 



In the case of 27-plet, p 



The mass spectrum of Nonaquark 27-plet 

= g = 2 and the corresponding weight diagram is Fig. (6). By using 
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the Gell-Mann-Okubo mass formula Eg . (1441) we can get all the masses of these states 

5 5 13 

Ms^, 1 = M27 + 2^27 - ^/327 , Mtv,^ 3 = M27 + a27 + -1327 , Mat , = M27 + a27 - ^/327 

10 2 8 

Ms2,,2 = M27 + y/527 , Ms,,,, = M27 - -(327 , Ma2, = M27 - -P27 

5 13 

3 = M27 - «27 + 77/927 , 1 = M27 - ^27 " ^(327 

Mn,,^, = M27 - 2^27 - \f327 (45) 

The Gell-Mann-Okubo mass relation for 27-plet nonaquark baryons is 

26 

3Ma,, + Ms,,,, = 2(M;v, ^ + M= ) = 4M27 - -P27 (46) 

The equal mass space relations also exist in the two separate sectors: (^27,1, ^27,! 5 ^27,2) and 
(S27,2, ^27,|' 'S'27,1). Their mass relations are as follows 

Mt727,i - Ms27,| = Ms27,| - Ms,,,, = -«27 - \P27 (47) 

Ms,,,, - Mm 3 = M^ 3 - M5,,,, = -a27 + \(327 (48) 
From Eg. ()45p we can further obtain some relation between mass of these states 

Ma„ + M^,,,, = 2M;v,^_^ , Ms,,,, + Ms,,,, = 2M^^^_3 , 3Ms„,, + 3M5,,,, = 4M^^^_, + 2M^^^_3 
3Mh^^ 3 + 6Ms,,,, = 5M^ , + 4M^ 3 , 3Mh^^ , + 6M5,,,, = 8M^ , + , 

27,^ 27,^ 27, 2 27,^ 27,^ 27, ^ 

3Mf,„,, + 9M5,,,, = lOM^ , + 2M^ 3 (49) 

27,^ 27,^ 

Both the masses of 35-plets and the masses of 27-plets contain three parameters: 
M35, Q!35, /%5 or M27, ^27, /?27, but we Only known experimentally the mass of 5^(3115) and 
5^(3140). So we can not fix the masses of other nonaquark states which are predicted by 
us. 

It mostly seems that S'°(3115) and S'"'~(3140) would belong to the same isospin multiplet 
and the mass difference between them are mainly due to electromagnetic interaction and 
the mass differences between u quark's and d quark's . 



B. The mass spectrum of the Nonaquark 35-plet 
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By means of the Gell-Mann-Okubo mass formula eq.()44p. and noting the 35-plet with 
p = 1, g = 4 whose weight diagram is shown in Fig7., the masses of all the exotic nonaquark 
states are as follows. 

Mx_, =iV% + 3a35-y%, M5_^ =M35 + 2«35-3/%, Ms- = + 2a^ - 5/3^ 

Mn-^ = M^-2a^ + (3^ (50) 

We can find that the equal space rule holds for two sectors of nonaquark baryons: 
(^35,i' ^35,f ' %,2. %,f ) and (%, ^351,% !, % |, %2)- They satisfy the mass re- 
lations as follows 

- = - ^%,3 = ^%,3 - M^^, = M^^., - . = «35 - (51) 

And we can also derive the mass relation between these nonaquark states 



+ = 2^%. ' 3(M5^ - M,_ J = 2(M^_ , - 3 ) 

+ = 2^A^^,3 , + 3M,_^ = 2(M5^ + 3 ) 

+ 2^%. = 3^%,3 ' 2M._ 3 + 9M,_ ^ = 5M,^ + 6M^_ 3 
^^^. + 6M5^.=3M5^ + 4Ma.^,3 (53) 

IV. DECAY OF THE NONAQUARK STATES 

We assume the nonaquark state decays arise by a "fall-apart" mechanism [ll|, 13, 
lisl without need for gluon exchange to trigger the decay. There are some discussions on 
this mechanism in the pentaquark spectrum studies. By this mechanism, a diquark in the 
pentaquark must be so clever that its two quarks are detached to two isolated quarks, and 
one of them enters into the adjacent diquarks to form a baryon separatively, and another 
combines with the residual anti-quark to form a meson, and then a pentaquark baryon 
decays into a usual baryon plus a meson. In this mechanism, the dynamics from the color 
coupling contributes a common factor to the decay amplitude for a certain flavor multiplet 
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which is irrelevant to the discussions on its decay branch fractions. Extending this "fall- 
apart" mechanism to nonaquark state decays is natural and straightforward: 1, one diquark 
is detached into two quarks; 2, these two quarks enter the adjacent diquaks, and form two 
baryons separatively; 3, the ninth quark also enter a diquark to form a baryon, and then 
the nonaquark state consequently decays into three baryons. We show this mechanism in 
the Fig5. 



FIG. 5: The decay mechanism of Nonaquark states . 



To the baryon octet, its quark content and the corresponding tensor are well-known, 
which is listed in the Table I. The tensor basis of the baryon octet is 



jdI Imn q 

with = -^{(Ir-qn + Q'nQ'r)- And the baryou singlet is given by 

A? = ]^-^e^^'^{qiqm-qmqi)qk 



From these wave function we can see: 



([(i, s\u + [s, u\d + [n, d]s) 



' [d,s]n = + ^A? - ^kl 

[s,u]rf = -TP + ^A? - ^AO 
[ [u,d]s = ^AO + ^AO 



(54) 



(55) 



(56) 
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TABLE I: Baryon octet and its' flavor wave function 



State 


Tensor 


Quark content 


P 


Bf 


^[u,d]u 


n 


Bl 




S+ 


Bl 






^,{B\-Bl) 


i([d,s]u+[u,s]d]) 




Bl 


;^[d,s]d 


AO 


_3_r3 


^(2[u,d]s-[d,s]u-[s,u]d) 




Bl 


75[d,s]s 




Bl 


75[s,u]s 



A. The decay of 27-plet 

Since the 27-plet is degenerate, i.e., 27i, 272 and 273 are the three irreducible repre- 
sentatives of 27— dimension, we discuss the decays for each case following the method of 
dealing with the "fall-apart" decay Q|. Starting with the wave function of S2j^^i ( or 82^^ 1 
etc.) which is given in Eq. (j26|) fEq. (j27p etc.), we rewrite the wave function in the form of 
(qqq)(qqq)(qqq) which is similar to Ref.|l^, then using Eq. (|K?)jl and Table I and considering 
fermion statistics, we can map 821-^^1 ( or 6*27^ 1 etc.) into the ground state of three baryons, 
from which we can learn what particles are the decay products of the S^^-j^^i (or 6*27^ 1 etc.), 
and derive further the ratios of the branch fractions of these channels. We discuss the de- 
cays for each case respectively by means of the above spirit of dealing with the decays in 
the follows: 

1. The first case: The wave function of >S'2'7^ 1 and 6*27^ 1 is given by Eq. ()26|) and Eq. ()27p 
separately , and they are mapped into 

^2^,1 - (57) 
^2°7„i - \{V2T.~pn + ^Xlnn + ^A°nn). (58) 
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Then, we obtain that the main decay channel of 5*^^ i is UNN, and the ratio of 
couphng constants is 

g{Str,^,E-pn) : giStj^^.A^nn) : giStr^^.A^nn) = ; ^ : (59) 

Considering phase space effect, we get 

BR[S},„ EiViV] 2 ^ 

M|S+„, ^ A/V/V] ((i^)2 + 2^)2) X 4.164 ■ ^ ' 

Therefore, S'ay^ i dominantly decays into ANN, and 5'27^^i can not be S'°(3115). 

2. The second case: Eq. fjHn|) and Eq. (p?T|l give the wave function of >S'272^i and 5*272 1 
this case, and the map is as following 

Stj,,! ^ ^(^^'^^ + ^~PP + V), (61) 

+ V2E-pn - VeAlnn - V3A°nn) . (62) 

We note that in this can only decay into T^NN, and the ratio of the 

branch fractions 

^^[-52^72,1 ^ : ^^['^2^7,1 ^ ^'PP] ■ BR[Stj^i SV] = 1:1:2 (63) 

and the main decay modes of 6*272 1 ANN 

BR[S^7, 1 ^ ^NN] , ^ 

^ 08 (64) 

Si?[52°72,i AiVAT] 

3. The third case: The wave function of 5*273,1 and 5*273,1 is given by Eq.(jnH) and Eq. (p?H|) . 
similarly 



-52+73,1 V + ^^^^ + 1^~PP (65) 



52°73,i ^ ^(6V2S^pn - 2S°nn - ^A°nn + ^A°nn). (66) 
4v2 3 3 

From the above two formula, we know that in this case 5*273,1 decay mainly into UNN 
not to AiVA^,and 

BR[St7,,i SV] : ^^[^2+73,1 ^ S+nn] : 5i?[52+73,i ^ ^~pp] = 18 : 1 : 1 (67) 



and the ratio of branch fractions 



2.8 (68) 



BR[S^7,,i Ann] 

We note that in this case the main decay mode of 5*273 1 ^NN which is consistent 
with the decay of 5*° (3 11 5). 
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B. The decay of 35-plet 

Starting with the wave function of which is given in Eq.p^. we discuss the decays by 
means of the method used in the previous sub-section to deal with the decays. We map ^ 
into the ground state of three baryons 

S'±^^^(S-pp+S+nn) (69) 

So, ^ can only decay into H'NN, but can not decay into A~NN (N stands for nucleon,i.e., 
proton or neutron). And the ratio of branch fractions is 

Similarly whose wave function is defined in Eq. PHj) is mapped onto 



35 

1 

7q 



S±-^— {E-pp - S+nn) (71) 



also decay only into S A^A^, can not decay into A A^A^, and the ratio of branch fractions 
is 

BR[S± ^~pp] ^ 1 ^ 
BR[S±^^+nn] 1 

We also obtain that the S^T,~pp and S'i-S+nn interactions have different phase, while the 
'E~pp and S*^ S+nn interactions have the same phase (see Eqs. flTll) and (1691)). 
In the same way, starting from Eq. (PT|) which is the wave function of S^-^, we have: 

%-^(-SO + v^A°)nn (73) 

So the main decay channel of ^ is ANN, but not T,NN, i.e., ratio of the effective couplings 
reads 

Considering the different three body phase space, we can obtain the the ratio of branch 
fractions 

So the observed S'°(3115) [l| can not be S^-^^. 
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From the decay of 35-plet and 27-plet, we see that the nonaquark state 5''^(3115) can only 
possibly belong to 27-plet, and its flavor conflguration is Eq. ()35|) . or its main component 
is 5'273 1 ^ith small mixing of •S'^y^ i, 6*272 1, 5*35^^ • While S'+(3140) maybe belong to 35-plet 
or 27-plet, it possibly is 827^^1, 5'^2,i' "^273,1^ ^^35,1 the mixing of all of them, since these 
states have same quantum numbers. From the discussion of subsection A in section 11 , we 
know that in the exact 5f/(3)^''^^°^ x SU{3Y°^°'' x 5t/(2)"P^" limit, ^°(3115) and 5+(3140) 
possibly belong to 27-plet, this further give support to our suggestion that S''^(3115) can 
only possibly belong to 27-plet. Furthermore in this case the nonaquark states have negative 
parity, this is a unusual results, since "standard" nonaquark state which involve 9 quarks 
in relative S-wave have positive parity, there maybe really exists exotica nonaquark 27-plet. 
We can obtain useful information about S'~^(3140) by experimentally measuring the branch 
fractions of its decay channels. 

V. DISCUSSION AND CONCLUSION 

In summary, we have obtain the wave functions of the nonaquark states in SU{3) quark 
model with diquark correlation using standard direct tensor decomposition, we predict the 
existence of other nonaquark states. It would be helpful for constructing the effective inter- 
action Lagrangian to describe the nonaquark decays with rational S'f/(3)— flavor structure. 
We obtain some interesting mass sum rules for the nonaquark 35-plet and 27-plet, but it is 
still open to flx the spectrum of 35-plet and 27-plet due to the scarcity of experiments. More 
data are expected. Under the assumption of the "fall-apart" decay mechanism which has 
been subtly used in studying pentaquark decays, we flnd out that the 5° (3 11 5) belongs to a 
27-plet. Its main component is 6*273 i' mixing with 6*27^ i, 82^^ 1, 5*35 ^ must be few. 

It is possible that 5**^(3115) and S'"'"(3140) belong to the same isospin multiplet, since their 
mass difference is about 25 MeV which can be interpreted by electromagnetic interaction 
and u,d quark mass difference. Further in the exact 5f/(3)^'''^°^ x 5f/(3)"°^°'' x SU{2yp^'' 
limit, 5'°(3115) and 5^(3140) are belong to the 27-plet, and its parity is negative. We sug- 
gest to study the decays of S'"^(3140) more in experiment, especially the ratios of the various 
decay mode's branch fractions, through which we can learn the structure of 5^(3140) and 
maybe discover new nonaquark state . 

There maybe other types of quark correlation in nonaquark state, such as (qqq)-(qqq)- 
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^ or diquark correlation [3] 



(qqq), since either (qqq)-(qq) quark correlation [8| or diquark correlation [7| is possible in 
pentaquark, they have different ffavor and color structures from the diquark correlation, so 
the masses, the decay property, and the products etc of the states may be different from the 
prediction of quark model with diquark correlation. 

It would be interesting to study the mixing between the nonaquark states with same 
quantum numbers. It is necessary to considering the mixing in order to compare theoretical 
prediction with experimental data more precisely. This would be highly nontrivial. 

Finally, we might image that this multi-baryon problem could be studied in other quark 
models, e.g., the model in and in the chiral soliton model|2(|. 
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FIG. 6: The weight diagram of nonaquark 27-plet, and the location of 5''^(3115) and 5^(3140) are 
expressly shown by the triangle and square respectivelly 
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FIG. 7: The weight diagram of nonaquark 35-plet, only 5^(3140) is specially shown by square, 
whereas £'''(3115) is not shown. Because our analysis indicate that £''^(3115) can not belong to 
35-plet 
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